The Human Epidermal Growth Factor Receptor (HER) family of receptor tyrosine kinases consists of four, single pass, transmembrane receptor homologs (HER1-4) that act to regulate many critical processes in normal and tumor cells. HER2 is overexpressed in many tumors, and the deregulated proliferation of cancerous cells is driven by cooperation with its preferred receptor partner, HER3. The assessment of the in-situ organization of tagged HER2 and HER3 using super-resolution microscopy reveals quantitative Single Molecule Localization Microscopy (SMLM) as an ideal bioanalytical tool to characterize receptor clusters. Clustering of receptors is an important regulatory mechanism to prime cells to respond to stimuli so, to understand these processes, it is necessary to measure parameters such as numbers of clusters, cluster radii and the number of localizations per cluster for different perturbations. Previously, Fluorescence Localization Imaging with Photobleaching (FLImP), another nanoscale, single-molecule technique, characterized the oligomerization state of HER1 [or Epidermal Growth Factor Receptors (EGFR)] in cell membranes. To achieve an unprecedented resolution (< 5 nm) for inter-molecular separations in EGFR oligomers using FLImP, very few receptors are tagged, and so this method is unsuitable for measurements of whole receptor populations in cancer cells where receptors are frequently upregulated. Here, in order to detect all receptors involved in cluster formation, we saturate endogenous HER2 and HER3 membrane receptors with ligands at a 1:1 dye to protein ratio, in the presence or absence of therapeutic drugs (lapatinib or bosutinib). This is performed in the commonly used breast cancer cell line model SKBR3 cells, where there are ~1.6 million HER2 receptors/cell and 10,000-40,000 HER3 receptors/cell. The basal state of these receptors is studied using HER2-or HER3-specific Affibodies, and likewise, the active state is probed using the natural HER3 ligand, Neuregulin-beta1 (NRGβ1). Stochastic Optical Reconstruction Microscopy (STORM), one form of SMLM, was used here to image cells, which were chemically fixed to minimize image blurring and provide data (x and y coordinates and standard deviation of the measured localizations) for cluster analysis. Further analysis can also determine proportions of receptor colocalizations. Our findings show that lapatinib-bound HER2, complexed with HER3 via a noncanonical kinase dimer structure, induces higher order oligomers. We hypothesized that nucleation of receptors creates signaling platforms that explain the counterintuitive, increase in cell proliferation upon 2 www.bio-protocol.org/e3096 Vol 8,
(e.g., GPI-anchored folate receptors [Mayor et al., 1994] ), creation of docking sites (e.g., Syntaxin/SNARE family proteins [Sieber et al., 2007] ), steric hindrance of interactions (e.g., Rictor and mSin1 in mTOR complex-2 [Chen et al., 2018] ), aggregation of misfolded proteins (e.g., amyloid fibrils [Adamcik et al., 2010] ), an accelerated response to pre-equilibrium signals during chemotaxis (Ventura et al., 2014) , regulation of integrins at focal adhesions (Spiess et al., 2018) and formation of signaling cascades (e.g., GPCR signaling [Maurel et al., 2008; Jonas et al., 2015] ). Specifically, we focus on the analysis of membrane receptor clustering/oligomerization to investigate molecular rearrangements due to drug binding. We highlight the importance of mutual cooperation resulting in an increased signaling output (Claus et al., 2018) , a theme likely to be common in signaling cascades. In addition, we suggest that this protocol is generally applicable to many biological questions relating to protein clusters. Minor modifications to the sample preparation should allow localization measurements of any protein(s), either immobilized on glass or expressed in bacteria or other (e.g., mammalian) cells. Models of protein interactions and the consideration of differences between wild type proteins and equivalents comprising pertinent mutations can often lead to a more comprehensive molecular mechanism. We believe, therefore that the quantitative clustering and colocalization data delivered by this protocol advances our understanding of native and disease states even further.
The proteins of interest in this study, HER2, and HER3, are two members of the HER family of receptor tyrosine kinases (Normanno et al., 2006; Eccles, 2011) . HER2 is overexpressed in many tumors, and the deregulated proliferation of cancerous cells is driven by cooperation with its preferred receptor partner, HER3 (Holbro et al., 2003) . SMLM techniques (e.g., STORM for photoactivatable fluorophores or PALM for genetically-expressed tagged proteins) can image single fluorescently-tagged protein(s), like receptors, at the plasma membrane or inside the cell (Nicovich et al., 2017) . STORM is a popular imaging modality thanks to a relatively simple experimental setup and procedure (Rust et al., 2006) and the availability of free, open-source software for processing, analysis and visualization of the data (Ovesný et al., 2014) . We chose STORM for our application because fluorophore blinking is induced stochastically, and localization achieved one group of fluorophores at a time, the process being continued and signals accumulated until a detailed image is built. Crucially, the STORM process makes the technique compatible with saturated labeling of all endogenous HER2 protein using an Affibody ligand that is small, specific and uniformly conjugated to Alexa 488 at a ratio of 1:1 Affibody:dye (Wikman et al., 2004; Eigenbrot et al., 2010) . Other HER protein affibodies are available Nordberg et al., 2007; Kronqvist et al., 2010; Gostring et al., 2012; ) . Cluster analysis of SMLM data can, may be possible to use SMLM and cluster analysis to study these receptors in live cells (an extension to the analysis method is given in Griffié et al., 2018 ) however this has not been implemented as yet.
We also wanted to characterize protein-protein interactions within clusters, information that cannot be obtained via cluster analysis alone. Fluorescence Resonance Energy Transfer measurements using Fluorescence Lifetime Imaging Microscopy (FRET-FLIM) was also used extensively in Claus et al. to measure inhibitor-induced heterotypic interactions between HER2 and HER3 and their respective mutants (Claus et al., 2018) . FRET-FLIM data complement the analysis of clusters by reporting the stability of heterodimeric complexes. However, since the length scale of FRET is 2-8 nm, the method cannot be used to report on the typically larger cluster sizes, the combination is important in providing a deeper organizational view of these receptors.
Other imaging techniques for measuring protein-protein interactions and clustering can be used in combination with cluster analysis to provide complementary information and provide a more complete picture of the underlying processes from the dynamic and structural point of view. These include twocolor Single Particle Tracking (SPT), which reports the number of pairwise receptor particle interactions and the duration of these interactions (Low-Nam et al., 2011; Needham et al., 2013) allowing the distinction between multimers and dimers. However, SPT images single molecules or particles as they move on live cells and the associated blurring means that SPT often does not have enough resolution to determine the number of receptors in the "particles" imaged as they move. FLImP is an ideal method to measure precise receptor separations on static particles (Needham et al., 2013) . In model cell systems the expression level of receptors can be optimized. However HER2 is highly overexpressed in the SKBR3 cell line (Eccles, 2011; Shankaran et al., 2013) , and labeling would need to be kept at low levels. Nevertheless, FLImP should be able to provide information complementary to FRET on receptorreceptor interactions and the geometry of the complexes. Stimulated Emission Depletion (STED) microscopy, a distinct but complementary super-resolution imaging technique to STORM, can measure protein clusters ~50 nm in diameter. Utilizing this resolution for fixed, immuno-labeled, cell samples, 5. Incubate all dishes at 37 °C/5% CO2 for two hours. 9. Use the PALM function in ZEN software to process and render the images (Figure 3 ). Use ZEN to first define the point spread function (PSF) mask size (typically 9 pixels, max 10 pixels) and intensity to noise ratio (typically 6) then apply to localize each blinking event using a 2D Gaussian fit model. 10 . Take overlapping fluorophores into account using the Account for overlap setting. On Ubuntu 16.04, all required software can be installed using the "apt install" command, except for the R library 'splancs', which can be installed by running R and typing 'install.packages("splancs")',
The 'igraph' library could be installed in this manner as well. All required python modules can alternatively be installed using python's 'pip' tool. Run 'pyrcc4 resources.qrc -o qrc_resources.py' in the roi_selector folder before you run 'roi_select.py' the first time. Otherwise, the tool buttons will have text labels instead of icons (Video 1).
Once the required software is set up, the analysis consists of the following principal steps.
Table 1. Schematic of the data analysis using the Bayesian Cluster Algorithm
Selection of the ROI using the python ROI selection tool and saving the related data (Video 1).
Running the R clustering algorithm on the data-the command line version is demonstrated (Video 2)
Run the R cluster post analysis on the command line (Video 3).
The data from different channels of an acquisition is stored in folders that have the same base name plus an extension "green" or "red" for the channel (such as "s07a06green" and "s07a06red" for a data set "s07a06", see also Video 1), folder names need to end in either "green" or "red" (note this is a critical step) This is done to aid the ROI selection (note, the tool works for 1 or 2 channels).
Otherwise, the conventions of the protocol (Griffié et al., 2016) The cell membrane is visible as a roughly circular shape. In order to conform to the prerequisites of the clustering algorithms, rectangular regions need to be manually or semi-automatically selected. From the folder that contains the 'run.R' script. Here, <data-folder> is the folder that contains data from the ROI (such as '<base-output-directory>/s07a06r18906-21057_1101x2745_76red') and <path-to-config-file> is the path to the 'config.txt' belonging to the data (here '<base-output-directory>/s07a06r18906-21057_1101x2745_76red/config.txt'). Since the number of folders can be large, computing clusters may be used. We provide an example of how to run the scripts on clusters with the LSF job scheduler.
After the analysis with 'run.R' has completed, <data-folder> contains: 3. The destination for the data to be produced was then selected using the 'Set Output Path' button (B).
4.
Membranes of entire cells were selected by drawing around the membrane using the 'Add ROI' tool (C) and then double-clicking to activate. 5. The ROI was saved by clicking the button 'Export ROIs' (D).
6.
A Ripley K test (E) was performed first to obtain a maximum L(r)-r value for each cell (shown on the 'RipleyK Plots' produced). This value was input as the L(r)-r parameter for subsequent DBSCAN and Clus-DoC tests, to filter out noise points. 7. Multiple DBSCAN tests (F) were then run on each cell to determine the parameters required to obtain an average cluster area that agreed with that predicted by the Bayesian cluster identification algorithm. 17 www.bio-protocol.org/e3096 9. This procedure was repeated for every image.
10. Properties such as cluster size and colocalization percentage (see Pageon et al., 2016 ; Table 1 for complete list) in the Excel result tables produced (in the specified output path folder) were then compared between treatment groups. 
Results can be found in

